Muscarinic-Activated K + Current in Bovine Aortic Endothelial Cells
Soren-Peter Olesen, Peter F. Davies T he presence of vascular endothelial cells is essential for acetylcholine (ACh)-induced relaxation of precontracted blood vessels. 12 Endothelial cells possess cholinergic ACh receptors as shown functionally 3 and by receptor binding studies. 4 A humoral mediator of smooth muscle cell relaxation, endothelium-derived relaxing factor (EDRF), has been demonstrated in response to stimulation of the muscarinic receptors of either superfused artery with intact endothelium 3 or microcarrier-borne endothelial cells. 6 Recently, however, Segal and Duling 7 have demonstrated the bidirectional conductance of an ACh-mediated vasodilatory stimulus in arterioles that is not accountable by simple diffusion of a humoral mediator such as EDRF and is independent of blood flow. Their data suggest that some form of direct communication between arteriolar cells is necessary for propagation of the stimulus leading to coordinated vasodilation. The initial steps in activation of endothelial cells by ACh are not known. This study describes the activation by ACh of a muscarinic K + channel in cultured aortic endothelial cells. The resulting hyperpolarization may represent the initial cellular response linked to AChinduced vasoactivity mediated via direct junctional conductance to smooth muscle cells or by stimulating the release of humoral effectors such as EDRF.
Materials and Methods
Single endothelial cells were isolated from calf aorta (BAEC-CLC1) by collagenase digestion according to Schwartz 8 followed by subculture to passage 7 at which time the cells were frozen in the presence of dimethyl sulfoxide. Vials containing 1 x leviable endothelial cells were thawed and, after subculture, dispersed by trypsin:EDTA in 35-mm dishes (Corning Glass Works, Corning, New York; 5 x 10 4 cells/dish) that had been precoated with polyHEMA (an evaporated solution of 250 fil 0.024% polyhydroxyethyl methacrylate in ethanol; Hydron Laboratories, Brunswick, New Jersey). The thin polymer layer promoted slight changes of cell shape, resulting in greater curvature of the apical cell surface 9 and facilitating reproducible approach and attachment by the patch-clamp micropipette. Dulbecco's Modified Eagle's Medium containing 10 mM HEPES, 2 jtmol glutamine, 100 U penicillin, and 100 /xg streptomycin/ml and supplemented with 10% calf serum was used for all endothelial cell cultures. The endothelial cells used for this study were from subcultures 8-16 or were in primary culture.
We observed that fast perfusion of the bath surrounding the endothelial cells activated stretch-sensitive conductances as previously described. 10 " To avoid perfusion-related currents, all applications of ACh were made via slow changes in the total bath concentration at low rates (<2 ml/min). The ion composition in the bath solution was as follows (mM) 12 The signals were recorded with a List EPC-7 amplifier and whole-cell recordings sampled at 200 pisec/point by an INDEC computer. The electrode tip resistance was 5-8 Mil. The average cell capacitance was 23.0 pF (SD = 11.7 pF, n = 57) giving an estimated cell surface area of 2,300 /xm 2 , assuming a specific membrane capacitance of 1 /iF/cm 2 .
Results
The resting membrane potential of endothelial cells, determined immediately after access to the cell interior, was -7 7 . 4 mV (SD = 3.5 mV, n = 26). Depolar-ization of the cells from -80 mV holding potential to potentials ranging from -40 to +50 mV failed to elicit any detectable inward currents. The endothelial cells had a very small time-independent outward conductance in this range with an average value of 5.0 pS/pF (SD = 2.3 pS/pF, n = 6) at + 40 mV. The lack of inward currents activated by depolarization was also observed in two other bovine aortic endothelial cell lines (BAEC-SOC1, BAEC-11), in primary cultures of bovine aortic endothelial cells, and in primary cultures of endothelial cells from human umbilical cord vein.
Hyperpolarizing the cells below -90 mV activated a large inward current. The response to a voltage step from a holding potential of -4 0 mV to -120 mV is shown in Figure 1A The amplitude of the whole-cell current induced by ACh was concentration-dependent. The increase in inward current 20 seconds after application of ACh to the bath was determined at four different concentrations in each cell at a membrane potential of -120 mV. When ACh in the bath solution was raised from 0.01 to 0.1, 1, and 10 /iM, the inward current increased in a dosedependent fashion. The dose-response curve in Figure  2A is roughly approximated by single saturation kinetics, and a half-maximal effect was evoked by 40 nM ACh. The average concentration of ACh, which induced half-maximal effect, was 51 nM (SD = 26 nM) based on six dose-response curves. This compares with the half-maximal activation of the inward rectifying K + channel in heart atrial cells induced by 150 nM ACh. 13 The current induced by 1 (JLM ACh was fully inhibited by 1 /i.M atropine ( Figure 2B ), indicating that the response is mediated via a muscarinic receptor (n = 11). The responsiveness of the endothelial cells to ACh was gradually regained after atropine treatment over a period of ~5 minutes.
Muscarinic receptors are often coupled to cellular responses by GTP-binding proteins (G-proteins).
14 An inward rectifying K + conductance gated by muscarinic receptors coupled to G-proteins has been described in cardiac atrial cells.
1516 Two G-proteins (Gi and G o ) can be irreversibly inhibited by pertussis toxin (PT), which uncouples them from the receptor. Endothelial cells were pretreated with up to 1 /xg/ml PT for 16 hours before the experiment, and I K ACh was determined at a membrane potential of -120 mV. Treatment of endothelial cells with PT (100-400 ng/ml) for 1 -3 hours has 1718 Under these conditions, I KAai was 4.1 pA/pF (SD= 1.5 pA/pF, n = 6), not significantly different from the 5.5 pA/pF (SD = 2.0, n = 4) recorded in nontreated cells. Dialysis of atrial cells with a GTP-free solution blocks muscarinic activation of K + currents. In endothelial cells, dialysis with GTP-free solutions did not remove the muscarinic current (I KACh = 6 . 4 ± 2 pA/pF, n = 4). More importantly, dialysis of the cell interior with a pipette solution containing 20 /xM GTPyS (a nonhydrolyzable GTP analogue) for several minutes before ACh challenge did not affect the ACh-induced current (I KACh = 4.5 ± 1.5 pA/pF, n = 3). Thus, it seems unlikely that this muscarinic receptor is coupled via Gproteins to the channel.
The ACh-induced conductance was K + -selective. I-V relations for I K ACb were determined at four differ- In an attempt to study the kinetics of IKAQ. w e u s e d a fast perfusion method" to give a steady-state ACh concentration at the cell surface within 100 msec. At a membrane potential of -120 mV, with 10 /AM ACh applied to the cell, I K . A ch was fully activated within 250 msec. The current did not desensitize within an administration period of 40 seconds (n = 6). When ACh was washed away, the inward current returned to control level within 2 seconds. This may mean that I KA ch does not desensitize, but we cannot exclude the possibility that the increased shear stress induced by the fast application of ACh activated other currents 10 " that compensated desensitization.
Single channel currents were recorded in outsideout patches of endothelial cell membrane. (mM) most patches contained a channel with a conductance of ~25 pS, which is similar to other time-independent inward rectifier K + channels. 20 Channel activity, measured as the integral of single channel current divided by single channel amplitude (see reference 15), was not changed after administration of 10 /xM ACh to the bath, indicating that ACh does not significantly modify the kinetics or conductance of this channel (Figure 4) . Also, channel activity in cell-attached patches of cells perfused with ACh was not significantly modified. We did not observe ACh-gated single channels in outside-out patches perfused with 10 /iM ACh. Thus, as we would expect from the small size of the whole-cell current, I K Aa channels are sparse, or their conductance is too low to measure.
Acetylcholine at a concentration of 10 /iM does not increase the free cytosolic Ca 2+ concentration in suspensions of BAEC-CLC1 cells loaded with the fluorescent Ca 2+ dye, fura-2 (T. Brock, personal communication), in agreement with results obtained on other bovine aortic endothelial cells. 21 In the present study, the free intracellular Ca 2+ concentration was buffered to ~10" ily between arterial endothelial and smooth muscle cells, 24 -23 and some evidence for metabolic communication between endothelium and smooth muscle cells in bovine aorta organ culture has been obtained. 26 While the significance of such communication for vasorelaxation is unclear in relation to EDRF-mediated responses, a likely possibility is that ACh-mediated hyperpolarization of the endothelial cells acting through the K + channel can be communicated to subjacent smooth muscle cells and may play a role in the subsequent vasoactive response. 27 Direct hyperpolarization of monkey coronary artery has previously been shown to cause relaxation. 28 Whether the endotheliumderived electrical conductance alone can explain smooth muscle relaxation or whether its local dissipation requires further amplification via other secondary systems in the vessel wall remains to be investigated.
